
Clearing electrodes: Past experience, Clearing electrodes: Past experience, Clear ng electrodes Past exper ence,Clear ng electrodes Past exper ence,
technological aspects and potentialtechnological aspects and potential

Tom Kroyer, Edgar Mahner, Fritz Caspers, CERNTom Kroyer, Edgar Mahner, Fritz Caspers, CERN

Beam’07, October 1Beam’07, October 1--5 20075 2007



OutlineOutline

Past experience with clearing Past experience with clearing 
electrodeselectrodes
Recent experiments in the PSRecent experiments in the PS
Issues of highly resistive clearing Issues of highly resistive clearing g y gg y g
electrodeselectrodes

ImpedanceImpedance
ManufacturingManufacturing

PotentialPotential

Beam’07, Oct. 2007T. Kroyer, E. Mahner, F. Caspers, CERN 2



MotivationMotivation

In several simulations and experiments is has been shown that In several simulations and experiments is has been shown that 
l li dl li d l i l t dl i l t d ff ti lff ti l l tl tlocalized localized clearing electrodes canclearing electrodes can effectively effectively suppress electron suppress electron 
multipactingmultipacting close to the electrodeclose to the electrode
DistributedDistributed clearing electrodesclearing electrodes could be used to fight the electron could be used to fight the electron gg f gf g
cloud effect over cloud effect over longer regions of an acceleratorlonger regions of an accelerator
However, issues such as impedance, aperture and manufacturing get However, issues such as impedance, aperture and manufacturing get 
more important for larger lengthsmore important for larger lengthsmore important for larger lengthsmore important for larger lengths
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Past experience with clearing electrodesPast experience with clearing electrodes

We have to discriminate between We have to discriminate between ion clearingion clearing and and 
l t l d l il t l d l ielectron cloud clearingelectron cloud clearing

One example for ion clearing is the CERN AA One example for ion clearing is the CERN AA 
(antiproton accumulator) machine where large stacks (antiproton accumulator) machine where large stacks 

EPA clearing electrodes
( p m ) m g( p m ) m g
of pof p--bars had to be kept. The AA clearing system bars had to be kept. The AA clearing system 
started off with 20 metallic electrodes and towards started off with 20 metallic electrodes and towards 
the end we had 50 ceramic ones with high resistivethe end we had 50 ceramic ones with high resistivethe end we had 50 ceramic ones with high resistive the end we had 50 ceramic ones with high resistive 
coating for beam coupling impedance issuescoating for beam coupling impedance issues
Another example is the CERN EPA (electronAnother example is the CERN EPA (electron--

it l t ) hi H l iit l t ) hi H l ipositron accumulator) machine. Here also ceramic positron accumulator) machine. Here also ceramic 
electrodes with highly resistive coating were applied electrodes with highly resistive coating were applied 
[1].[1].

[1] A. Poncet, Experience with 
ion and dust clearing in the CERN 
AA and EPA, Proceedings of the 
ECL2 Workshop, CERN, Geneva, 
2007

For the SNS floatingFor the SNS floating--ground BPMs have been ground BPMs have been 
designed where a DC voltage can be applied for designed where a DC voltage can be applied for 
electron cloud clearing [2]electron cloud clearing [2]

2007

[2] L. F.Wang, D. Raparia, J.Wei, 
and S.Y. Zhang, Mechanism of 
electron cloud clearing in the 
accumulator ring of the
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electron cloud clearing [2]electron cloud clearing [2] accumulator ring of the 
Spallation Neutron Source, 
PRST-AB, Vol 7, 034401 (2004)



Recent experiments in the PSRecent experiments in the PS

During the shutdown 2006/2007 a “simple” experiment was installed During the shutdown 2006/2007 a “simple” experiment was installed 
i th CERN PS [1 2]i th CERN PS [1 2]in the CERN PS [1,2]in the CERN PS [1,2]
The goal was to research whether there is an electron cloud buildThe goal was to research whether there is an electron cloud build--up up 
during the last few ms to during the last few ms to μμs, when the bunches get shortened before s, when the bunches get shortened before g f mg f m μμ , g f, g f
transfer to the SPStransfer to the SPS
The experiment comprised a shielded button pickThe experiment comprised a shielded button pick--up, vacuum up, vacuum 
diagnostics and a small dipole magnet A stripline electrode was addeddiagnostics and a small dipole magnet A stripline electrode was addeddiagnostics and a small dipole magnet. A stripline electrode was added diagnostics and a small dipole magnet. A stripline electrode was added 
to examine the properties of clearing electrodes.to examine the properties of clearing electrodes.

[1] http://ab div web cern ch/ab div/Meetings/APC/2007/apc070706/EM APC 06 07 2007 pdf
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[1] http://ab-div.web.cern.ch/ab-div/Meetings/APC/2007/apc070706/EM-APC-06-07-2007.pdf

[2] http://ab-div.web.cern.ch/ab-div/Meetings/APC/2007/apc070803/TK-APC-03-08-2007s.pdf



Components of the PS electron cloud setupComponents of the PS electron cloud setup

Shielded button pickupsShielded button pickups
Penning gaugePenning gauge

HighHigh--voltage voltage 
feedthroughfeedthroughgg

Clearing electrodeClearing electrode
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Clearing electrodeClearing electrode



The PS electron cloud experiment in SS98The PS electron cloud experiment in SS98

BPU 1 BPU 2Vacuum

gauge
BPU

PS elliptical vacuum chamber with PS elliptical vacuum chamber with 
dimensions 1050 x 146 x 70 mmdimensions 1050 x 146 x 70 mm gauge

Beam
B

Stripline

dimensions 1050 x 146 x 70 mm.dimensions 1050 x 146 x 70 mm.
Special antechamber for clearing Special antechamber for clearing 
electrode without aperture electrode without aperture 
reduction.reduction.
M i l i l l 316 LNM i l i l l 316 LN
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Stripline upstream Stripline downstream

StriplineMaterial: stainless steel 316 LN Material: stainless steel 316 LN 



ResultsResults
A clear electron cloud (EC) effect was found during the last ~50 msA clear electron cloud (EC) effect was found during the last ~50 ms
Indications:Indications:IndicationsIndications

Vacuum pressure rise (see below)Vacuum pressure rise (see below)
Current on the shielded pickCurrent on the shielded pick--upsups
Cl i t th t i li l t dCl i t th t i li l t dClearing current on the stripline electrodeClearing current on the stripline electrode
The effect can be switched off with an appropriate clearing voltageThe effect can be switched off with an appropriate clearing voltage

10-7

12 6 2007 SS 984 LHC25 (72 b h )4 LHC25 (72 b h )12.6.2007 SS 984xLHC25 (72 bunches)4xLHC25 (72 bunches)

~ 3.6 s~ 3.6 s ejection

Very fast 
pressure peaks 
with ~30 ms rise 
tim 20 ms

10-8

 

P 
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ba
r]time, ~20 ms 

after onset of 
electron signal 
on the shielded 
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Shielded PU signalsShielded PU signals
Bias voltage on pickup: Bias voltage on pickup: +60 V
N ti fi ldN ti fi ld

gg

0.3
Stripline signal [100 V]

No magnetic fieldNo magnetic field
Last three turns before ejection Last three turns before ejection 
plottedplotted

0.2

0.25

0.3 Shielded PU2 [V], no clearing voltage
Shielded PU2 [V], −300 V clearing voltage

With a With a --300 V on the 300 V on the striplinestripline no no 
more electron cloud buildmore electron cloud build--up is up is 
visible above the noise levelvisible above the noise level

0.05

0.1

0.15

The EC can be suppressed with The EC can be suppressed with 
positive clearing voltages, as wellpositive clearing voltages, as well

The clearing current on theThe clearing current on the
−0.05

0

0.05

The clearing current on the The clearing current on the 
striplinestripline is large for positive is large for positive 
clearing voltages (~500 clearing voltages (~500 μμAA/m) and /m) and 
small for negative clearing voltages small for negative clearing voltages 
( 2( 2 μμAA/m)/m) −6 −5 −4 −3 −2 −1 0 1

−0.2

−0.15

−0.1

(~2 (~2 μμAA/m)/m) −6 −5 −4 −3 −2 −1 0 1
−0.2

Time [μs]

Beam’07, Oct. 2007T. Kroyer, E. Mahner, F. Caspers, CERN 9



Effect of the magnetic fieldEffect of the magnetic field
The magnetic field B and the clearing The magnetic field B and the clearing 
voltage Uvoltage U were varied; the pointswere varied; the points

gg

voltage Uvoltage USLSL were varied; the points were varied; the points 
where measurements were taken are where measurements were taken are 
marked on the axis of the plotmarked on the axis of the plot
The The maximum EC signalmaximum EC signal on a shielded on a shielded 
i ki k i l di l d

Maximum EC signal on shielded PU1 [V], 20 ms before 
ejection, as a function of the magnetic field B and 
the clearing voltage USLgg

pickpick--up over one turn is plotted up over one turn is plotted as a as a 
function of B and Ufunction of B and USLSL

TheThe RF gymnasticsRF gymnastics in the PSin the PS

[V]

The The RF gymnasticsRF gymnastics in the PS in the PS 
decreases the bunch lengthdecreases the bunch length, which , which 
allows to characterize the EC buildallows to characterize the EC build--up up 
as a function of bunch length (and as a function of bunch length (and 
long profile) in one single shotlong profile) in one single shotlong. profile) in one single shotlong. profile) in one single shot
The third bunch splitting takes place The third bunch splitting takes place 
27 to ~5 ms before ejection, giving 72 27 to ~5 ms before ejection, giving 72 
bunches with a 4bunches with a 4σσ bunch length of 14 bunch length of 14 gg
ns. ns. 
5 ms to ~300 5 ms to ~300 μμs before ejection: s before ejection: 
Adiabatic bunch compression, bunch Adiabatic bunch compression, bunch 
length decreased to 11 nslength decreased to 11 ns
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length decreased to 11 nslength decreased to 11 ns
Last ~300 Last ~300 μμs: bunch rotation, bunch s: bunch rotation, bunch 
length reduced to 4 ns.length reduced to 4 ns.



Islands with surviving ECIslands with surviving EC
EC signal from shielded PU1 plotted at different times before ejectionEC signal from shielded PU1 plotted at different times before ejection
BuildBuild--up starts earlier with magnetic field; Islands with large EC appear in the up starts earlier with magnetic field; Islands with large EC appear in the 
parameter space.parameter space.p pp p
For large enough clearing voltages (|UFor large enough clearing voltages (|USLSL|> 1 kV) EC suppression was found in all cases|> 1 kV) EC suppression was found in all cases

t=-45 ms t=-20 ms t=-10 ms

[1e-3]

t=-2 μst=-100 μst=-1 ms
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Distributed clearing electrodesDistributed clearing electrodes

We have seen that a We have seen that a striplinestripline electrode can suppress the ECelectrode can suppress the EC
ffff

pp pppp
effecteffect
Unfortunately this works only close to the electrode. In order to Unfortunately this works only close to the electrode. In order to 
suppress the EC over larger lengths of the machine we need suppress the EC over larger lengths of the machine we need 
distributed clearing electrodesdistributed clearing electrodesdistributed clearing electrodesdistributed clearing electrodes
Issues related to Issues related to impedanceimpedance, aperture, cost etc get more , aperture, cost etc get more 
important with the electrode length. It is well known that important with the electrode length. It is well known that 
ordinaryordinary striplinestripline electrodes may have resonances and generallyelectrodes may have resonances and generallyordinary ordinary striplinestripline electrodes may have resonances and generally electrodes may have resonances and generally 
have a substantial beam coupling impedance, therefore the have a substantial beam coupling impedance, therefore the 
impedance of any proposed option has to be carefully evaluated.impedance of any proposed option has to be carefully evaluated.
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Requirements for distributed clearing Requirements for distributed clearing 
electrodeselectrodes

I dditi t h i t bl b li i d l iI dditi t h i t bl b li i d l i

electrodeselectrodes

In addition to having an acceptable beam coupling impedance, clearing In addition to having an acceptable beam coupling impedance, clearing 
electrodes should electrodes should fulfilfulfil as many as possible of the following points:as many as possible of the following points:

G d h i l t bilitG d h i l t bilitGood mechanical stabilityGood mechanical stability
Good vacuum propertiesGood vacuum properties
Limited aperture reductionLimited aperture reduction
Good thermal contact to the beam pipeGood thermal contact to the beam pipe
Low secondary emission yield (SEY)Low secondary emission yield (SEY)
Electrodes should stand baking in case this is neededElectrodes should stand baking in case this is neededgg
They should stand a DC voltage of the order of 1 kVThey should stand a DC voltage of the order of 1 kV
Radiation hardnessRadiation hardness
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Possible implementationPossible implementation
Electrodes implemented as aElectrodes implemented as a resistive resistive 
coating coating can be used can be used to minimize the to minimize the ngng n un u m n m zm n m z
impedanceimpedance. They are basically “invisible” . They are basically “invisible” 
electrodes in the sense that they are electrodes in the sense that they are 
much thinner than the penetration depth much thinner than the penetration depth 
and thus do not interact strongly withand thus do not interact strongly with

resistive layerbeam

and thus do not interact strongly with and thus do not interact strongly with 
the beam fields. Another condition for a the beam fields. Another condition for a 
low coupling to the beam field is that the low coupling to the beam field is that the 
coating’s surface resistance is much coating’s surface resistance is much dielectricg fg f
larger than the free space impedance of larger than the free space impedance of 
377 377 ΩΩ..

dielectric

Such an electrode behaves almost like a dielectric layer. The Such an electrode behaves almost like a dielectric layer. The 
impedance was estimated analytically and by numeric simulationsimpedance was estimated analytically and by numeric simulationsimpedance was estimated analytically and by numeric simulationsimpedance was estimated analytically and by numeric simulations

In practice, a solution could be consist of a In practice, a solution could be consist of a dielectric layer dielectric layer made of made of 
enamel or alumina for the dielectric isolator Aenamel or alumina for the dielectric isolator A resistive coatingresistive coating as theas theenamel or alumina for the dielectric isolator. A enamel or alumina for the dielectric isolator. A resistive coating resistive coating as the as the 
actual electrode is deposited actual electrode is deposited on top on top of the dielectric.of the dielectric.
Such a structure in particular has good mechanic stability and good Such a structure in particular has good mechanic stability and good 
thermal contact to the beam pipe; for a thin dielectric the aperturethermal contact to the beam pipe; for a thin dielectric the aperture
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thermal contact to the beam pipe; for a thin dielectric the aperture thermal contact to the beam pipe; for a thin dielectric the aperture 
reduction is small.reduction is small.



Resistive layersResistive layers

There are two conflicting requirements for the resistive layer: There are two conflicting requirements for the resistive layer: 
h l h h lh l h h lIn order to minimize the beam coupling impedance the resistivity should In order to minimize the beam coupling impedance the resistivity should 

be high be high 
However, to minimize the voltage drop on the electrode for a given However, to minimize the voltage drop on the electrode for a given 
clearing current the resistivity should be lowclearing current the resistivity should be low

Considering the clearing currents measured in the PS and the Considering the clearing currents measured in the PS and the 
impedance calculations, the surface resistance should be in the rangeimpedance calculations, the surface resistance should be in the rangeimpedance calculations, the surface resistance should be in the range impedance calculations, the surface resistance should be in the range 
of Rof R□□ = 1 to 100 k= 1 to 100 kΩΩ
The standard coating technology uses thick film paste (mainly The standard coating technology uses thick film paste (mainly 
Ruthenium oxides) which is fired at 800 deg C on alumina ApplicationRuthenium oxides) which is fired at 800 deg C on alumina ApplicationRuthenium oxides) which is fired at 800 deg C on alumina. Application Ruthenium oxides) which is fired at 800 deg C on alumina. Application 
of the thickof the thick--film paste onto enamel is being researched.film paste onto enamel is being researched.
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Longitudinal impedance of distributed Longitudinal impedance of distributed 
clearing electrodes (1)clearing electrodes (1)

In a first approximation the insulating and the highly In a first approximation the insulating and the highly 
resistive dielectric strips were approximated by a resistive dielectric strips were approximated by a 

clearing electrodes (1)clearing electrodes (1)
p w pp m yp w pp m y

dielectric with permittivity dielectric with permittivity εεrr
The longitudinal impedance was estimated analytically and The longitudinal impedance was estimated analytically and 
by simulations (CST Microwave Studio and HFSS) for a by simulations (CST Microwave Studio and HFSS) for a 
t t ith t ti l tt t ith t ti l t

Wire simulation of two 
thin clearing electrodes

structure with rotational symmetry structure with rotational symmetry 
It was assumed that in analogy to a TEM line the It was assumed that in analogy to a TEM line the 
dielectric acts mainly by introducing a phase shift => only dielectric acts mainly by introducing a phase shift => only 
increases the imaginary part of the longitudinalincreases the imaginary part of the longitudinalincreases the imaginary part of the longitudinal increases the imaginary part of the longitudinal 
impedance Im(Z/n)impedance Im(Z/n)

For thin dielectric layers we getFor thin dielectric layers we getFor thin dielectric layers we getFor thin dielectric layers we get
Im(Z/n) is proportional to the dielectric crossIm(Z/n) is proportional to the dielectric cross--sectionsection
Im(Z/n) increases slowly with Im(Z/n) increases slowly with εε
Im(Z/n) is rather flat up to very high frequenciesIm(Z/n) is rather flat up to very high frequenciesIm(Z/n) is rather flat up to very high frequenciesIm(Z/n) is rather flat up to very high frequencies

Estimation for one 0.1 mm thick electrode with Estimation for one 0.1 mm thick electrode with εεrr = 5 all = 5 all 
around the SPS (pipe radius 25 mm 20 mm dielectricaround the SPS (pipe radius 25 mm 20 mm dielectric
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around the SPS (pipe radius 25 mm, 20 mm dielectric around the SPS (pipe radius 25 mm, 20 mm dielectric 
width): Im(Z/n)= 0.3 width): Im(Z/n)= 0.3 ΩΩ (entire machine today: Z/n~10 (entire machine today: Z/n~10 ΩΩ))



Longitudinal impedance (2)Longitudinal impedance (2)
In a more rigorous approach the longitudinal impedance was calculated In a more rigorous approach the longitudinal impedance was calculated 
analytically for a rotationally symmetric structureanalytically for a rotationally symmetric structuren y y f n y ymm u un y y f n y ymm u u
The resistivity of the innermost structure was taken into accountThe resistivity of the innermost structure was taken into account
Re(Z) is not affected up to a few GHz, where the dielectric wall starts Re(Z) is not affected up to a few GHz, where the dielectric wall starts 
to act as a Cerenkov pickto act as a Cerenkov pick--up; the results for the increase in up; the results for the increase in ImIm(Z) (Z) pp p; fp; f mm( )( )
confirms the estimates on the previous pageconfirms the estimates on the previous page

Real part of long. impedance Imag part of long. impedance
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Courtesy: Benoit Salvant
0.1 mm thick εr=5 dielectric inside 2 mm thick 50 mm 
radius stainless steel pipe, 10 μm R□=1 kΩ (ρ=0.01 Ωm) 
resistive layer as electrode



Transverse impedance of distributed clearing Transverse impedance of distributed clearing 
electrodeselectrodes

The transverse impedance was estimated analytically for structures The transverse impedance was estimated analytically for structures 
with rotational symmetry using the with rotational symmetry using the BurovBurov--LebedevLebedev formula and formula and 

electrodeselectrodes
w n ymm y u ngw n ymm y u ng uu LL f mu nf mu n
simulated using CST Microwaves Studio and HFSS [1]simulated using CST Microwaves Studio and HFSS [1]
To first order the increase in ZTo first order the increase in ZTRTR is purely imaginary and frequencyis purely imaginary and frequency--
independent; independent; 
Preliminary results scaled to one 0.1 mm thick centered electrode Preliminary results scaled to one 0.1 mm thick centered electrode 
with with εε = 5 all along the SPS (pipe radius 25 mm, electrode width 15 = 5 all along the SPS (pipe radius 25 mm, electrode width 15 
mm): mm): ImIm((ZZTR,yTR,y) = 4 M) = 4 MΩΩ/m (entire machine today: Z/m (entire machine today: ZTRTR ~ 20 M~ 20 MΩΩ/m)/m)

[1] T. Kroyer, F. Caspers, E. 
Metral, F. Zimmermann, 
Distributed electron cloud 
clearing electrodes, Proceedings g , g
of the ECL2 Workshop, CERN, 
Geneva, 2007

Courtesy: E. Metral
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Potential solution for the SPS: an insert Potential solution for the SPS: an insert 
Material: thin stainless steel sheet of Material: thin stainless steel sheet of 
about 0.5 mm thicknessabout 0.5 mm thicknessu . mm nu . mm n
Can be copperCan be copper--coated for impedance and coated for impedance and 
contact issuescontact issues
In the center an about 20 mm wide and In the center an about 20 mm wide and Copper-coated

High-impedance 
thick-film layer 
as clearingmmmm

~0.1 mm thick enamel strip or another ~0.1 mm thick enamel strip or another 
suitable material as isolatorsuitable material as isolator
On top of the dielectric a ~15 On top of the dielectric a ~15 μμm highly m highly 

i ti thi k fil l ti ti thi k fil l t

Copper coated 
stainless steel 
insert

as clearing 
electrode on 
enamel isolator

resistive thick film layer acts as an resistive thick film layer acts as an 
“invisible” clearing electrode“invisible” clearing electrode

Th t i b tTh t i b t ld d t thld d t thThe strip can be spotThe strip can be spot--welded to the welded to the 
beam pipe at the ends or at regular beam pipe at the ends or at regular 
distances along the chamber (requires distances along the chamber (requires 
spotspot--welding inside the chamber)welding inside the chamber)spotspot welding inside the chamber)welding inside the chamber)
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ConclusionConclusion
Clearing electrodes have been used in several machines for ion Clearing electrodes have been used in several machines for ion 
and electron cleaningand electron cleaningn n n ngn n n ng
In the PS electron cloud cleaning was achieved with a 40 cm long In the PS electron cloud cleaning was achieved with a 40 cm long 
striplinestripline electrode biased at ~1 kVelectrode biased at ~1 kV
The challenge is to apply such electrodes over longer section of The challenge is to apply such electrodes over longer section of g pp y g fg pp y g f
a machine, which exacerbates impedance and other issuesa machine, which exacerbates impedance and other issues
A highly resistive coating has a low longitudinal and transverse A highly resistive coating has a low longitudinal and transverse 
impedance; in practice resistive layers an enamel, alumina or impedance; in practice resistive layers an enamel, alumina or 
th di l t i b dth di l t i b dother dielectrics can be usedother dielectrics can be used

There is ongoing work on the practical implementation of such There is ongoing work on the practical implementation of such 
electrodeselectrodes

testing the 
deposition of enameldeposition of enamel 
strips inside a beam 
pipe...
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